Abstract: A universal phase mismatch compensation method, which can be applied to temperature-insensitive frequency conversion, is experimentally demonstrated. In this method, two nonlinear crystals and an electro-optic crystal are cascaded. The generated phase mismatch in the nonlinear crystal can be well compensated for in the electro-optic crystal, thereby improving the stability of frequency conversion. In the proof-of-principle experiment, temperature-insensitive second and third harmonic generation (SHG and THG) are investigated by cascading KH 2 PO 4 (KDP) and KD 2 PO 4 (DKDP) crystals. The experimental results show that the temperature acceptance bandwidths of SHG and THG are 2.1 and 2.3 times larger, respectively, than that of the traditional method employing a single crystal. Meanwhile, the effectiveness of this method is also analyzed at a high power density, and a solution for the case of a nonuniform temperature is also discussed. Furthermore, angle-insensitive SHG is demonstrated to prove that this method can significantly reduce the influence of various unfavorable factors on frequency conversion. The demonstrated method may have potentially important applications in the nonlinear optical frequency conversion system.
Introduction
Frequency conversion based on the second-order nonlinear optical effect is an important nonlinear optical process. With recent developments in laser science and technology, frequency conversion plays an increasingly important role in the fields of fundamental research and technological application [1] - [4] . In order to achieve high frequency conversion efficiency, satisfying phase matching (PM) is a basic condition [4] . However, in practical applications, slight changes in the nonlinear crystal (e.g., angle or temperature variation) can lead to a phase mismatch and will have an unfavorable effect on the frequency conversion [5] - [7] . In particular, in the large laser systems, there are high demands for the frequency conversion. For example, the National Ignition Facility (NIF), which is composed of 192 individual high-power laser beams, requires that the precision of the balance of output energy and power between the beams be <3% and <8% (beam to beam), respectively [8] . These precision requirements were the basis for a series of laser investigations completed at the NIF [8] , [9] . Therefore, the temperatures and angles of the crystals need to be controlled with high precision and stability. However, for the whole large laser systems, it is very difficult to achieve among multi-beams.
When the phase matching condition is not satisfied, a phase mismatch will occur ( k = 0), and the phase mismatch value (PMV) of the interacting waves accumulates ( K = k × l) with the propagation distance (l) in the crystal. If the PMV is not compensated for during the frequency conversion process, the rate of conversion efficiency will gradually decrease as the PMV accumulates. Once the transmission distance reaches half the coherence length (coherence length is defined by l c = 2π/ k), PMV will be accumulated to π and back-conversion will occur. The conversion efficiency will reduce significantly and the output energy will become unstable. If PMV is compensated for before back-conversion occurs and makes it up to an integer multiple of 2π, the frequency conversion will continue effectively. In this situation, the conversion efficiency increases monotonically during the entire frequency conversion process and the stability of frequency conversion can, thus, be significantly improved.
In order to reduce the influence of unfavorable factors on frequency conversion, some methods, which are used to suppress or compensate for the phase mismatch, have been proposed to improve the conversion efficiency [10] - [15] . However, they are mainly applied to a single beam over a small range or are limited by many factors (e.g., crystal type, PM type or laser wavelength). What's more, these methods are aimed at the phase mismatch arising from a specific cause. Actually, there is more than one cause of the phase mismatch in practical applications.
At present, there are some reports on the realization of wavelength tunable optical parametric oscillation and modification of the spectral shape of the parametric-gain based on electro-optic effect [16] , [17] . Recently, we theoretically analyzed a universal method that can compensate for the temperature induced phase mismatch by electro-optic effect [18] . In this paper, the proposed method is experimentally demonstrated and further studied. The feasibility and validity of this method is verified by temperature insensitive second and third harmonic generation (SHG and THG) at 1053 nm in KH 2 PO 4 (KDP) crystals. Meanwhile, angle insensitive SHG is also experimentally achieved. The experimental results show that this method can significantly reduce the influence of various unfavorable factors on frequency conversion, which is unexpected based on the prior work. In addition, the effectiveness of this method is analyzed at a high power density, the lengths of crystals are further optimized to achieve a better effectiveness, and a solution for the case of a non-uniform temperature is given, which has not been solved in prior work.
The basic experiment scheme is that two nonlinear crystals are cascaded and an electro-optic crystal is placed between them. PMV will generate because of electro-optic effect when the waves pass through the electro-optic crystal, and it varies with the voltage [18] . Thus, the accumulated PMV in the first nonlinear crystal can be well compensated for in the electro-optic crystal by adjusting the voltage when the phase mismatch occurs. In the next nonlinear crystal, the frequency conversion can effectively continue. Because the voltage has excellent tunability and exhibits high-precision control, this method can rapidly and precisely compensate for the phase mismatch arising from different causes (e.g., crystal angle, temperature variation or beam tilt). Therefore, the influence of various unfavorable factors on frequency conversion can be reduced.
Experimental Details of Temperature Insensitive Frequency Conversion
In the proof-of-principle experiment, a Q-switched Nd:YLF laser at 1053 nm with a Gaussian pulse duration of 10 ns was used as the fundamental laser source. The transverse spatial profile is a circular flat-top with a diameter of 8 mm, a pulse repetition rate of 0.1 Hz, and the typical output pulse energy of 550 mJ. The peak power density is approximately 100 MW/cm 2 . Two 12 mm × 12 mm × 6.25 mm and two 12 mm × 12 mm × 5. voltage regulation precision: 0.2 kV) are employed to compensate for the phase mismatch. All the transparent surfaces of the crystals were polished and coated with three-wavelength antireflection film (Transmittance > 99%) at 1053, 526.5, and 351 nm.
The experimental setups for temperature insensitive SHG and THG are shown in Fig. 1 . Transverse electro-optic modulation is used, and the direction of the electric field is always along the z-axis of the KD * P crystal. The beams propagate along the x and y axes of the KD * P crystal for SHG [see , respectively, where ω 1 , ω 2 and ω 3 represent the fundamental wave (FW), SH, and TH; x, y, and z are the new principal optic axes in the presence of an external electric field applied parallel to the z-axis of KD * P crystal. In the SHG experiment, the KDP crystals for SHG are mounted in two ovens where the temperature can be varied from 40 to 180°C with a precision of ±0.1°C. The temperature of the electro-optic crystal remains stable at room temperature. The SH is separated from the FW by a prism. In THG, the frequencies ω i (i = 1, 2, 3) satisfy the relationship ω 3 = ω 2 + ω 1 . Matching the photon-number of the FW (ω 1 ) and the SH (ω 2 ) is an important constraint for THG efficiency. In order to obtain a high THG efficiency, the SHG efficiency cannot be too low. Since the power density of the FW is relatively low, three KDP crystals (one 12.5 mm long and two 6.25 mm long) for SHG are cascaded to improve the SHG efficiency. In order to analyze the influence of temperature on THG efficiency, two KDP crystals for THG are mounted in the oven. Both the KDP crystals for SHG and the KD * P crystal are at room temperature. The TH is separated from the FW and the SH by a prism.
We define the SHG and THG efficiencies by η 2 = E (ω 2 )/E (ω 1 ) and η 3 = E (ω 3 )/E (ω 1 ), respectively, where E (ω 1 ) is the initial energy of the FW, E (ω 2 ) is the energy of the SH emitted from KDP 2 [as shown in Fig. 1(a) ], and E (ω 3 ) is the energy of the TH emitted from KDP 5 [as shown in Fig. 1(b) ]. According to the calculated results for the temperature acceptance bandwidth (TAB) and the temperature control range of the ovens, the initial PM temperature was set to 80°C. The type-I SHG and type-II THG at 1053 nm were studied within variable temperature ranges of 50-110 and 70-90°C, respectively. Because the refractive indices of the crystals have a linear relationship with temperature [19] , similar results can be obtained for the room temperature case. We varied the temperature of the nonlinear crystals over the stated ranges in increments of 1.0°C. The output SHG and THG energies were measured 30 times at each temperature and the average values were considered, in order to eliminate the influence of energy fluctuation. In order to intuitively compare the temperature acceptance bandwidth of our demonstrated method with the traditional method, as well as that of the theoretical results with the experimental results, all efficiencies are normalized to their maximum values at the initial PM temperature. The experimental results are shown in Fig. 2 . Fig. 2(a) shows how SHG efficiency varies with temperature. The measured maximum SHG efficiency of 5.2% was measured when the KDP crystals for SHG were operated at the PM temperature (80°C). If the PMV generated in the first KDP crystal is not compensated for (in which case the structure can be regarded as the traditional method employing a single crystal), the SHG efficiency will rapidly decline, as indicated by the circle symbols in Fig. 2(a) . The TAB is 17.8°C as defined by the full-width at half maximum (FWHM). If the PMV is compensated for and reach an integer multiple of 2π, the TAB becomes 2.1 times larger than that of a single crystal, increasing to 37.1°C (see the square symbols in Fig. 2(a) ).
In the THG experiment, the measured SHG efficiency was 9.6%. The measured maximum THG efficiency was 3.7% when the KDP crystals for THG were operated at the PM temperature. The TAB from the traditional method is 5.2°C (circle symbols in Fig. 2(b) ). If the PMV is compensated for and reach an integer multiple of 2π, the TAB is 12.0°C, which is 2.3 times larger than that of the traditional method, as shown by the square symbols in Fig. 2(b) . Comparing Fig. 2(a) and (b) , it can be seen that THG efficiency is more temperature sensitive than SHG efficiency.
According to theoretical calculations, the maximum variation of the PMV of SHG and THG in the KD * P crystal can reach up to 15.33 and 15.82 (>2π), respectively. The PMV can be well compensated for as long as the maximum variation of the PMV in the electro-optic crystal can reach 2π [18] . Therefore, the period of voltage change for SHG and THG phase mismatch compensation were calculated to be 4.92 and 4.77 kV, respectively. As our high-voltage generator was unstable at low voltage, we chose a voltage range of 5-10 kV in the experiment. The voltages obtained at various temperatures are shown in Fig. 2(c) and (d) .
The numerical calculations corresponding to the experimental conditions are shown in Fig. 2 (a) and (b) (solid and dashed lines). A comparison between the experimental and calculated results for temperature insensitive SHG and THG is shown in Table 1 .
As can be observed from Table 1 , the experimental data is in good agreement with the theoretical results, and the proposed method was effective in reducing the temperature sensitivity of the conversion efficiency. However, we note that the experimental TABs are slightly larger than the calculated results for the same case. The reason may be that the actual temperature of the KDP crystals and the display temperature of the ovens were different, especially for a large temperature 
Discussions

Analysis at a High Power Density
For high power laser systems, the laser power density can reach up to 2 GW/cm 2 or higher [9] , [20] . In the case of high power density, conversion efficiency is very high and is more sensitive to temperature, especially for THG [18] . We considered THG with a FW power density of 2 GW/cm 2 as an example to numerically analyze the frequency conversion. The temporal waveform and transverse spatial profile of the FW are the same as before. The lengths of the KDP crystals for SHG and THG are 12.5 and 11.0 mm, respectively. The PM temperature is set to 20°C. In order to analyze the temperature-dependent THG efficiency, we assume that the KDP crystal for SHG is always at the PM temperature. The SHG efficiency is 61.2%. The calculated results are shown in Fig. 3 .
The TAB of using a traditional single KDP crystal with 11.0 mm length for THG is 3.8°C (as shown by the solid line in Fig. 3(a) ) and the maximum conversion efficiency is 74.6%. If two KDP crystals of equal lengths are cascaded (i.e., 5.5 + 5.5 mm), and the PMV is compensated for and reach an integer multiple of 2π, the TAB increases to 13.0°C, which is 3.4 times that of a single crystal (as indicated by the dashed line in Fig. 3(a) ).
The stability of conversion efficiency is an important parameter of frequency conversion in large laser systems [8] . For THG by a single KDP crystal, the efficiency stable temperature region (ESTR) is only 0.8°C as defined by the full-width at which the efficiencies fall to 97% of their maximum value. For KDP crystals with a length ratio (LR) of 1:1, ESTR can reach up to 2.95°C (dashed line in Fig. 3(b) ). Based on this method, ESTR can be further improved by optimizing the length of the two KDP crystals. We take two KDP crystals with an LR of 1:2 (i.e., 3.67 + 7.33 mm) as an example to analyze. When the beams emit from the first KDP crystal, the PMV is K 1 
where k 1 and L 1 indicate the phase mismatch and length of the first KDP crystal, respectively). The PMV that should be compensated for is −2 K 1 in the electro-optic crystal. Thus, the PMV is − K 1 when the beams incident on the next KDP crystal. The ESTR can reach 4.41°C, which is 5.5 times larger than that of the traditional method employing a single KDP crystal, as shown by the short-dashed line in Fig. 3(b) .
It can be seen from Fig. 3(a) that the generated TH has back-converted completely (i.e., the THG output efficiency is zero) at 24°C using the traditional method. If the PMV is compensated for by the proposed method, the output efficiency can be increased significantly. In order to clearly illustrate the physical process of this method, we take 24°C as an example and show the evolutions of the TH [see Fig. 3(c) ], as well as the changes of the PMV [see Fig. 3(d) ] in the KDP crystals under combinations of different crystals lengths.
Solution of Uneven Temperature
For a high average power laser, the thermal effect of the laser, which is generated by the optical absorption of the nonlinear and electro-optic crystals, will lead to a non-uniform distribution of temperature in the transverse section of the beams. This problem can be solved by optimizing the length of the electro-optic crystal. At the PM temperature T 0 ( k 1 (T 0 ) = 0), the beams in the electro-optic crystal need to satisfy
where N is an integer, and L is the length of the electro-optic crystal. This can easily be achieved by adjusting the voltage. Taking into account that absorption has occurred in both the nonlinear and electro-optic crystals, a temperature gradient is present in the transverse section of the beams. When the temperature of the crystals changes, the phase mismatch in the nonlinear and electrooptic crystals can be written as
where k 1 = ∂ k 1 (T )/∂T , k = ∂ k(T )/∂T , T = T − T 0 , and T is the crystal temperature. We take two nonlinear crystals of equal lengths as an example to analyze. In order to compensate for the PMV that has accumulated in the first crystal, the following relationship must be satisfied in the electro-optic crystal:
Using (1)- (4), the following relationship can be obtained: The required electro-optic crystal length is given by
It can be seen from (6) that k 1 and k need to have opposite signs. This can be achieved by selecting the polarization directions of the beams in the electro-optic crystal. Taking the type-I PM SHG using KDP crystals as an example, the FW and SH are ordinary light and extraordinary light, respectively, in the KDP crystals. When the beams are propagating through the electro-optic crystal, we can configure the FW and SH as extraordinary light and ordinary light, respectively. Thus, k 1 and k have opposite signs, and phase mismatch compensation can be achieved for a non-uniform temperature. For the KDP crystals, which are used for SHG and THG in this paper, the required electro-optic crystal lengths are 3.26 and 2.97 mm, respectively. For the other frequency conversions, the required electro-optic crystal length can be obtained by a similar calculation.
Angle Insensitive Frequency Conversion
The influence of various unfavorable factors on frequency conversion can be reduced in our proposed method because of its excellent tunability. In order to convincingly verify the versatility of this method, we take the SHG as an example to demonstrate the angle insensitive frequency conversion. In the experiment, two 6.25 mm long KDP crystals for SHG are placed on the optical adjusting brackets with an adjustment precision of 0.01°. The crystals are always at room temperature. The angles of the KDP crystals are varied by 0.01°at a time. The experimental and calculated results are shown in Fig. 4 .
The experimentally measured angle acceptance bandwidth (AAB) of SHG from the traditional method is 0.042°, as indicated by the circle symbols in Fig. 4(a) . If the PMV is compensated for by the proposed method, the AAB is 0.101°(square symbols in Fig. 4(a) ), which is 2.4 times larger than that of traditional method. The corresponding voltages vary with angle as shown in Fig. 4(b) .
The results of experiment and analysis shown above indicate that the influence of crystal temperature and angle variation on frequency conversion can be significantly reduced. It is worth noting that this design only needs to satisfy the conditions that laser wavelength falling in the transmission region of the electro-optic crystal and the maximum variation of the PMV over 2π in the electro-optic crystal. The phase mismatch can be well compensated. Therefore, this method is independent of the nonlinear crystal type and the laser wavelength and can be applied to both type-I and type-II PM frequency conversion.
Conclusions
In summary, we have designed and experimentally demonstrated a versatile frequency conversion method, which can achieve multi-factors insensitive frequency conversion by applying the electrooptic effect to frequency conversion process. Temperature insensitive SHG and THG and angle insensitive SHG are achieved using a same electro-optic crystal. The experimental results indicated that the TAB and AAB from the proposed method can be two to three times larger than those of the traditional method. The stability of conversion efficiency can be significantly improved. In addition, the optimization of the crystal lengths and the solution for the case of a non-uniform temperature are also given. The phase mismatch arising from various causes can be simultaneously compensated for, since this method has excellent tunability. The influence of various unfavorable factors on frequency conversion can be significantly reduced. More importantly, the method is not limited by the type of nonlinear crystal and is valid for a wide spectral range and can be applied to various frequency conversion processes. The flexibility, versatility and high control precision of this method are incomparable. This method may have potentially important applications in ultraviolet pulse generation and provide a promising approach for designing new-type frequency conversion system.
